In this paper, first, the impact of different gate arrangements on the short-channel effects of carbon nanotube field-effect transistors with doped source and drain with the self-consistent solution of the three-dimensional Poisson equation and the Schrödinger equation with open boundary conditions, within the non-equilibrium Green function, is investigated. The results indicate that the double-gate structure possesses a quasi-ideal subthreshold oscillation and an acceptable decrease in the drain induced barrier even for a relatively thick gate oxide (5 nm). Afterward, the electrical characteristics of the double-gate carbon nanotube field-effect transistors (DG-CNTFET) are investigated. The results demonstrate that an increase in diameter and density of the nanotubes in the DG-CNTFET increases the on-state current. Also, as the drain voltage increases, the off-state current of the DG-CNTFET decreases. In addition, regarding the negative gate voltages, for a high drain voltage, increasing in the drain current due to band-to-band tunnelling requires a larger negative gate voltage, and for a low drain voltage, resonant states appear.
Introduction
After the discovery of nanotubes by Iijima [1] , in terms of physical and technological modelling, significant progresses have been accomplished in the field of carbon nanotube field-effect transistors (CNTFET). For instance, the empirical results of the CNTFET of the Schottky barrier are achieved [2] and illustrate that the current, mainly, is produced at the two ends of the nanotube by the induction field of the band structure of the nanotube. Certainly, such mechanism highly restricts the efficiency of the device. Pseudo-bipolar behaviour [3 -8] , weak channel control, the degradation of electrical characteristics such as the leakage-current increase, and subthreshold oscillations are observed in such devices, especially in the transistors consisting of nanotubes with larger diameters [9, 10] . It is also experimentally proved that in order to decrease the drain induced barrier (DIBL) to an acceptable value, reducing the transistor dimensions must follow specific rules [9] (for example, the ratio of the channel length to the oxide thickness must be more than 18).
Hereunto, various solutions to overcome these defects have been proposed of which the selecting palladium and calcium as contacts' substance to create Ohmic contacts [11, 12] and the method of producing induction charges [13, 14] can be mentioned. Additionally, the efficiency of the transistors can be increased through defining multiple gates, since, by means of it, the independent potential in the areas of source, drain, and channel can be produced, and the Schottky barrier in the contact can be created.
In this article, the impact of different gate structures on the short-channel effects of a CNTFET with doped source and drain is simulated three-dimensionally through using the MATLAB software. Since the results show that the double-gate structure of the CNTFET, which is plotted in Figure 1 , has quasi-ideal subthreshold oscillations and an acceptable DIBL, the impact of different parameters on the short-channel effects and its electrical characteristics is investigated. The simulation is based on the solution of the Schrödinger equation with open boundary conditions, within the non-equilibrium Green's function (NEGF), and the method of moments [15] is employed to solve the three-dimensional Poisson equation.
Simulation Method

Transfer Equation with NEGF Method
The Green's function is defined as follows [16] :
where E is the energy, I the unit matrix, H the Hamiltonian matrix of the nanotube, Σ S and Σ D are the selfenergy matrices of the source and drain, respectively. If the total number of carbon atoms of the nanotube is N, the size of the Hamiltonian matrix will be N × N.
As (1) indicates, without regard to the term of Σ scat , which is related to the scattering of electrons, the completely ballistic transfer for simulating the transistors' behaviour is considered. The entire arrays of the source's self-energy matrix Σ S equal zero except for the array (1, 1) which is defined as follows:
where E is the energy, U 1 denotes the potential matrix's array (1, 1), t ≈ 3 eV represents the interaction potential of two adjacent lattice sites in tight-binding model, and b 2m = 2t cos(πm/n), where n is related to the chirality of the nanotube, and m is the angular-momentum quantum number which gets the right values. Similarly, the array (N, N) is the only non-zero array of the self-energy matrix of the drain, which is similar to (2) except that instead of U 1 , U N , the array (N, N) of the potential matrix is positioned.
The current is calculated as follows:
where q is the electron charge, h the Planck constant, and T (E ) the transfer coefficient which is computed as [17] 
where Tr is trace operator. Definitely, through this model, the one-dimensional transfer between source and drain can solely be simulated; that means that the gate-leakage current is not considered in this model, since it can be shown that for transistors with channel length of a few nanometers, the gate current is negligible in comparison to the drain current.
In numerical terms, the Green function is computed through the recursive technique [18, 19] . It should be noted here that in most simulations, for semi-finite contacts, the self-energy matrix is written as a boundary condition. Consequently, it can be considered that the ends of the nanotube are attached to two long infinite nanotubes.
Poisson Equation
In order to simulate the device through using the finite element method, the discretization is performed first in space, and then the transfer equations for the whole space volume elements are calculated separately. To achieve the diagonal elements of the Hamiltonian matrix H in (1), which is the electrostatic potential of each carbon atom's position, the Poisson equation must be used. In three-dimensional simulations, the Poisson equation is computed as follows:
where
, and ρ fix are, respectively, donor ion density, receptor ion density, and constant charge density. The constant charge density is considered zero, and the density of the electrons and holes (n and p, respectively) with the solution of the Schrödinger equation with open boundary conditions is calculated through the formulation of non-equilibrium Green's function (NEGF) [20] . In addition, to solve the Schrödinger equation, the tightbinding Hamiltonian in the actual spatial atomic base (the orbitals of p z ) is utilized [21] . The advantage that actual spatial bases possess over modal spatial bases is a result of considering the current due to the middle-band and internal-band tunnelling phenomena. The reason of this matter is that the whole nanotube's bands are considered simultaneously in the method of actual spatial bases.
In this article, zigzag nanotubes are used; however, the method proposed in this paper can be generalized to nanotubes with any type of chirality, since the amendments only in the Hamiltonian matrix are required. Hence, first, the length and chirality of the nanotube are defined. Next, the three-dimensional coordinates of each carbon atom is calculated [21] . Thereafter, the three-dimensional range of simulation is determined and the lattice points are defined in accordance with each carbon atom. Furthermore, through the approximation of point charge, the entire free charges around each carbon atom can be distributed uniformly in the unit cell containing each atom. Assuming that the chemical potential of source and drain, in the equilibrium state, equal the Fermi level of the nanotube, the electron density is given as
Moreover, the hole density is
where r is the coordinate of each carbon atom, f the Fermi-Dirac distribution function,
is the probability of filling the atomic states of the carbon atom by the source (drain) vehicles, E FS (E FD ) is the Fermi level of the source (drain), and E i is the middleband energy of the nanotube; in other words, the charge neutrality level [22, 23] .
On account of computing this new U by the Poisson equation, the Hamiltonian H and the transfer equation NEGF (1) should be calculated again. That means that a self-consistent ring occurs between the Poisson equation and the quantum transport equation, and this ring resumes until the convergence is achieved which means that the maximum change in potential is lesser than the specified error value (max |U new −U previous |) ≤ U tol . The value of the potential tolerance U tol is generally considered as 1 meV.
In numerical terms, a nonlinear system is solved by virtue of the Newton-Raphson method with the Gummel plot. The Schrödinger equation is solved in the beginning of each Newton-Raphson ring of the Poisson equation, and the charge density of the nanotube is assumed constant until the Newton ring becomes convergent. The cycle of algorithm resumes until the computed potential difference at the end of two Newton rings becomes less than 1 meV.
In the use of the recursive technique, since the electron density in each Newton ring is independent of the potential, the Jacobian is zero in the points of the range containing carbon atoms, and the control of the correction of the potential disappears and the convergence problem occurs. Therefore, to address the convergence problem, a method of conjecturing the value of charge is employed to achieve the approximate value of the Jacobian in each Newton ring. For this purpose, an exponential function is used to speculate on the value of charge [24] , in this case, if n is the electron density, similar to (5), the density of electrons in the ith stage of Newton ring. n i is expressed as follows:
whereφ and ϕ i are, respectively, the computed electrostatic potential in the first and the ith stage of the Newton ring, and V T is the thermal voltage. The same computational process is considered for the density of holes.
Results and Discussion
In this paper, a zigzag nanotube (11, 0) with a diameter of 0.9 nm, embedded in SiO 2 [25] , is used. In addition, the intrinsic nanotube (non-doped) with the variable length L operates as the channel, and at its ends, the doped nanotube with n-type atoms and a length of 10 nm operates as the source and drain. It should be noted that in the source and drain of these transistors, there are approximately f donor atoms per carbon atom.
To consider the efficiency of the CNTFET transistors, first, their direct current (DC) characteristics are investigated. Afterwards, the transistors' behaviour is analyzed according to the short-channel effects, I on and I off currents. Furthermore, the short-channel effects for the different gate arrangements (single-gate, double-gate, and triple-gate) with the constant length of 15 nm are investigated in Figure 2 . In order to apply an array of nanotubes, the Neumann boundary conditions in the lateral faces of the transverse cross section are used. The subthreshold oscillations and DIBL as a function of gate oxide are plotted in Figure 2a and 2b, respectively. As expected, the more the gate surrounds the channel, the better is the control over the channel. Consequently, the triple-gate transistor shows an ideal behaviour even for the thickest considered gate oxide (5 nm).
Moreover, in Figure 3 , it can be seen that the doublegate structure indicates acceptable quasi-ideal subthreshold oscillations and the DIBL in the considered thickness range of SiO 2 . However, the single-gate transistor demonstrates solely acceptable subthreshold oscillations and DIBL for the thin gate oxide (2 nm). Now, we consider the characteristics of the doublegate carbon nanotube field-effect transistor (DG-CNTFET), which is plotted in Figure 1 , and its cross section, which is illustrated in Figure 2b . The subthreshold oscillations and DIBL of this transistor are plotted in Figure 4a and 4b, respectively, according to a function of the channel length of the DG-CNTFET with the oxide thickness of 1 and 2 nm. As these figures demonstrate, for the channel length of 10 nm, the DG-CNTFET shows its excellent performance. Figure 5a and 5b indicate respectively the on-state current (I on ) and off-state current (I off ) per unit length according to the channel length in the DG-CNTFET. When the length of the channel is reduced, the short-channel effects become more significant, and in the identical biasing conditions, the transistor with a shorter length indicates more current owing to the reduction in the channel barrier. It should be noted that the I on current in V DS = V GS = 0.8 V and the I off current in V GS = 0 V, V DS = 0.8 V are calculated.
The I on is plotted in Figure 6a as a function of the nanotube diameter with a channel length of 7 nm. When the diameter of the nanotube increases, the quantized energy levels of each atom of the nanotube ring approach to each other, consequently; more subbands are involved in the electron transfer and the channel conduction increases. Figure 6b illustrates the I on according to the density of the nanotube (the number of nanotubes in a length unit, ρ = d/T , as can be seen in the additional section of Figure 6b ; T is the distance between the centers of two nanotubes). Based on this figure, by increasing the density of the carbon nanotubes, the current also increases.
Another interesting point about the DG-CNTFET is that the increase in the I off current is accompanied by an increase in the voltage of drain, since increasing the voltage of drain-source, the holes which are tunnelling from drain to source occupy the bound states existing in the shell capacity (Fig. 7a) . However, for lower voltages of drain (Fig. 7b) , the bound states are far distant from the Fermi level; therefore, as can be seen in Figure 8 , the linear behaviour in the subthreshold region for the semi-logarithmic transfer characteristic curve is achieved. It should be noted that in the entire simulation, the Fermi level of the source is remained constant in zero energy.
Another impact of the bound states on the characteristic of the DG-CNTFET appears in negative gate voltages. Since the band-to-band tunnelling occurs in both the drain and source, the current in negative gate voltages also increases. Hence, as can be seen in Figure 9 , for higher drain voltages, the increase in drain current requires a greater negative gate voltage, since, in high drain voltage, the impact of the bound states on the capacity band intensifies. Consequently, the probability of band-to-band tunnelling reduces. Additionally, it is observed in Figure 9 that in V DS = 0.1 V, the resonant states appear in negative gate voltages.
Conclusion
In this paper, the electrical characteristics and the short-channel effects of the carbon nanotube fieldeffect transistor with doped drain and source are investigated through using a three-dimensional simulation and according to the non-equilibrium Green's function. Furthermore, the impact of different gate arrangements and changing the transistor dimensions are analyzed. The results indicate that the double-gate structure possesses acceptable subthreshold oscillations and DIBL in different channel lengths, and increasing the diameter and density of the nanotube, its on-state current also increases. In addition, the leakage current of the DG-CNTFET increases by the increase in the drain-source voltage. The important result which should be mentioned is that in negative gate voltages and high drain voltage, the increase in drain current due to band-toband tunnelling requires a higher negative gate voltage, and the resonant states appear in negative gate voltages and low drain voltage.
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where E (r, z) is the potential energy. We will assume that in the radial direction the potential energy is of parabolic type:
with a(z) and b(z) z-dependent functions. The linear term in r was not included because of symmetry considerations. The boundary condition at the surface of the cylindrical structure is E (r = t ox , z) = φ SB − (V GS −V FB ). Replacing (A.2) into (A.1), we can write the following effective one-dimensional Laplace equation at the cylinder axis (r = 0):
with λ = t ox /2 a characteristic length that can be interpreted as a measure of the Schottky barrier width. (A.3) has the general solution a(z) = A exp(−z/λ ) + B exp(z/λ ). For determining A and B, the following two boundary conditions must be satisfied:
yielding the potential energy profile along the center of the system as
Appendix B
In this appendix, the Green functions are computed, assuming a Luttinger liquid with a homogeneous interaction parameter K jδ and velocity v jδ . The product v jδ K jδ corresponds to the Fermi velocity v F .
The finite temperature action associated with this problem has the general form , defined as
where T is the time ordered operator, satisfies the differential equations 
Appendix C
We now compute the integrals involved in the tunnelling current and noise. The general integrals which will be required to compute the current and noise read We now write the integral which appears in the nanotube current, which refer to the propagation along the nanotube: 
